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1 Introduction
The discovery of the Higgs-like boson at 125GeV by the LHC [1, 2] with no robust evidence
for any type of deviations from the Standard Model (SM) predictions ruled out many models
of New Physics, sharpened predictions of the others and at the same time stimulated
the development of alternative approaches to the Hierarchy Problem. In particular, the
discovery had important implications for the Composite Higgs models (CH) [3–11], in
which the Higgs boson is screened from the UV physics by its composite nature, and
separated from the other composite resonances due to the Nambu-Goldstone symmetry.
The measured value of the Higgs mass in minimal CH models typically requires a presence
of the colored composite fermionic resonances with a mass below 2TeV [12–17]. In these
minimal scenarios, in contrast to the models where the Higgs potential is saturated by the
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SM-neutral states [18–21], one can expect a large number of new physics signatures related
to the direct production at the LHC [22, 23], as well as to the indirect new physics probes,
such as flavour and EWPT observables.
The main goal of this work is to consider the constraints imposed on Composite Higgs
models with light composite colored fermions by flavour and electroweak precision tests
(EWPT), and in particular to test the viability of different flavour patterns. Doing this, we
want to concentrate on the implication of the pseudo-Nambu-Goldstone nature of the Higgs
boson and the clash between the naturalness considerations, which often require at least
a presence of light composite partners of the top quark, and the experimental constraints,
pushing the New Physics mass scale up. The strong dynamics of the underlying CH
description is difficult to solve exactly. The first CH models, in their modern incarnation,
were described in a dual 5-dimensional weakly coupled picture [9, 10]. Recently a set
of purely four-dimensional UV completions for pseudo-Nambu-Goldstone boson (PNGB)
Higgs was proposed [24–27]. An alternative approach to the problem is to distant from
the concrete UV completions and to focus instead on the most necessary ingredients of the
low-energy description [28]. Following this line in attempt to be as general as possible, but
at the same time to account for the PNGB properties of the Higgs boson, we adopt the
effective field theory approach driven by CCWZ rules [29, 30]. Using this approach, we
will describe the most general implications of the global symmetry breaking in the strong
sector, for which we choose the minimal one SO(5)→ SO(4).1 This approach was already
widely used in the analyses of the top quark sector of the CH models (e.g. [14, 31, 32]), and
also of some particular problems of flavour physics ([33, 34]), while the more general flavour
physics analyses were typically performed within the frameworks less sensitive to PNGB
effects [35–37]. Our discussion will be partially based on the previous study [35], being
different in what concerns the implications of PNGB nature of the Higgs boson, choices of
composite fermion multiplets and the mechanisms of quark mass generation.
The structure of the paper is the following. In section 2 we introduce the general frame-
work for our discussion — CCWZ construction for CH model with one layer of composite
fermions — and describe different possible realizations of flavour. In section 3 we discuss
in details the most important constraints on our scenarios derived from flavour physics and
electroweak precision tests and identify the configurations of the parameter space mini-
mizing deviations from the experimental measurements. Results of a combined numerical
analysis are collected in sections 4 and 5, and section 6 summarizes the results of this work.
2 Framework
The CH models under consideration can be seen as consisting of two sectors. The first
one is the composite sector, containing the composite Higgs boson and other composite
resonances. The Higgs is realized as a Nambu-Goldstone boson of the global symmetry
G spontaneously broken by the strong sector condensate characterised by a scale fπ. In
this work we take G = SO(5) broken to SO(4), thus generating four goldstone bosons
1See [39–42] for less minimal choices allowing to generate two Higgs doublets or the Dark Matter
candidate.
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forming an SU(2)L Higgs doublet. Hence the Higgs is exactly massless unless the strong
sector is coupled to some source of an explicit G-breaking. The second sector of the model
contains the elementary copies of all SM states except for the Higgs (and optionally for
the right-handed top quark) transforming under the SM gauge symmetry group GSM ⊂
G. This elementary sector does not respect the full global symmetry G, so once the two
sectors are coupled, the one-loop effective potential generated by the elementary-composite
interactions allows the Higgs to have a mass and fixes its vacuum expectation value (VEV)
in a GSM-breaking direction. The Lagrangian hence can be divided in the following parts
L = Lcomp + Lelem + Lmix . (2.1)
The most appealing way to break the Goldstone symmetry, generate the Higgs mass and
the top quark mass without introducing too large flavour-violating effects is provided by the
mechanism of partial compositeness. This mechanism postulates that the UV Lagrangian
above the G symmetry breaking scale contains linear couplings between elementary fermions
q and strong sector operators
LUVmix =
∑
q
yq¯Oq , (2.2)
where the operators Oq transform in one of the SO(5) representations. We will consider two
representation choices, fundamental 5 and symmetric traceless 14. In the first case both
chiralities of the fermion q will be assumed to have an elementary representative coupled
to the strong sector. In the second case we will take the right-handed q quark as a totally
composite state, thus arising itself from the operator Qq at low energies, and coupled to
qL by means of the mixing (2.2). The two scenarios, with the elementary quarks coupled
to 5 and 14 will be called 5L+5R and 14L+1R respectively.
Our analysis will be based on the effective field theory (EFT) containing only the
up-type quarks and their partners because they belong to the sector with the largest
elementary-composite mixings, needed to generate the top mass. The large mixings imply
that, on the one hand, at least some of the partners belonging to this sector, being involved
in the Higgs mass generation, can not be too heavy [12–17]. On the other hand they nat-
urally introduce the largest deformations of the observables with respect to the Standard
Model. Therefore one can expect that the phenomenological analysis based mostly on the
up-type partners will reveal the dominant effects which are enforced by naturalness. It
will allow to squeeze the parameter space of the up-type partners, singling out the optimal
ways to search for this type of new physics, and also give the direction for further model-
building (e.g. including other resonances) driven by a need to generate viable parameters
of the up-parters sector or induce additional sizable effects needed to compensate the un-
wanted contributions of the up-type-partners. Other composite fermionic resonances are
expected to be coupled in a much weaker way compared to those mentioned above and
are not restricted to be close to the electroweak scale. Thus they naturally induce smaller
distortions of the observables with respect to the SM, which can be further minimized
by using a larger freedom in choosing their masses and couplings. We will nevertheless
comment on the effects where the unrelated to naturalness sectors of the model can have
large impact on the observables.
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In the next sections we will first discuss the PNGB Higgs alone, then add a detailed
description of the top quark sector, and eventually extend our framework to the first two
families of quarks.
2.1 PNGB Higgs
We start by introducing the key elements needed to describe the Higgs as a pseudo Nambu-
Goldstone boson. They are provided by the general CCWZ formalism [29, 30], once one
specifies the global symmetry breaking pattern, for which we choose the minimal SO(5)×
U(1)X → SO(4) × U(1)X [10]. The spontaneous SO(5) → SO(4) breaking in the strong
sector produces four massless Goldstone bosons, forming an SM-like Higgs doublet. At the
same time this scheme prevents the strong sector from breaking the custodial symmetry.
An additional U(1)X factor is introduced in order to reproduce the correct SM hypercharge
Y = T 3R+X. The Goldstone bosons enter the Lagrangian in a form of a Goldstone matrix
U = exp
[
i
√
2
fπ
ΠaˆT aˆ
]
=

I3
cos 〈h〉+hfpi sin
〈h〉+h
fpi
− sin 〈h〉+hfpi cos
〈h〉+h
fpi
 , (2.3)
where T aˆ are the SO(5)/SO(4) generators, Πaˆ — Goldstone bosons and fπ — Goldstone
decay constant. We use the following convention for SO(5) generators
(T aL,R)IJ = −
i
2
[
1
2
εabc
(
δbIδ
c
J − δbJδcI
)
± (δaI δ4J − δaJδ4I)] , T aˆIJ = − i√
2
(
δaˆI δ
5
J − δaˆJδ5I
)
,
(2.4)
where T aL,R (a = 1, 2, 3) are the SO(4) ≃ SU(2)L × SU(2)R unbroken generators. For them
we will also use an equivalent notation T a with a = 1 . . . 6.
We will work in the basis where the gauged GSM = SU(2)L × U(1)Y symmetry of the
elementary sector, external to the composite one, is embedded into the unbroken SO(4)×
U(1)X . Such that the SU(2)L and U(1)Y SM bosons gauge the SU(2)L factor of SO(4) and
the (T 3R +X) generators respectively. In this basis the non-zero Higgs boson VEV breaks
GSM. The ratio of the Higgs VEV 〈h〉 ≃ v = 246GeV and the SO(5) breaking scale fπ
defines the degree of tuning of the scalar potential [10]
ξ =
(
v
fπ
)2
(2.5)
since 〈h〉 generically tends to get close to fπ, unless the parameters responsible for the
generation of 〈h〉 are finely adjusted. The value of fπ needs to be somewhat large in order
to suppress the new physics effects, but not too far from v to maintain a tolerable tuning.
In this work we will test the value ξ = 0.1.
The Goldstone matrix in the lagrangian acts as a link between external elementary
fields transforming in SO(5) and the composite fields transforming as SO(4) multiplets,
thus making the theory invariant under non-linearly realized SO(5). Hence in order to
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couple the SM gauge fields to the composite resonances we need to “dress” them with U
matrices. To do this we introduce CCWZ d and e symbols,
− U t[Aµ + i∂µ]U = daˆµT aˆ + eaµT a + eXµ , (2.6)
where Aµ stands for GSM gauge fields
Aµ =
g√
2
W+µ
(
T 1L + iT
2
L
)
+
g√
2
W−µ
(
T 1L − iT 2L
)
+
+g (cwZµ + swAµ)T
3
L + g
′ (cwAµ − swZµ) (T 3R +QX) , (2.7)
where cw and sw are the cosine and the sine of the weak mixing angle, g, g
′ are the SM
couplings of SU(2)L and U(1)Y respectively and QX is the X-charge matrix. Expanding
the definitions (2.6) in fields we have
daˆµ =
√
2
fπ
(Dµh)
aˆ +O(h3) , (2.8)
eaµ = −Aaµ −
i
f2π
(h
↔
Dµh)
a +O(h4) , (2.9)
eXµ = −g′QXBµ , (2.10)
where Bµ is the U(1)Y gauge boson. Using e symbols one can construct covariant deriva-
tives acting on the composite sector fields, for instance for the Ψ field transforming in the
fundamental representation of SO(4) we have
∇µΨ = ∂µΨ+ i eaµtaΨ . (2.11)
It is also convenient to define the analogs of the field strength tensors
eµν = ∂µeν − ∂νeµ + igρ[eµ, eν ] , (2.12)
e(X)µν = ∂µe
X
ν − ∂νeXµ . (2.13)
2.2 Fermions in 5L+5R
In this section we specify in more details the lagrangian of the top partners in the 5L+5R
model. The composite operator Oq of the UV mixing lagrangian (2.2) can excite a fourplet
ψ4 and a singlet ψ1 of the unbroken SO(4) symmetry according to the decomposition
5SO(5) = 4SO(4) + 1SO(4). In the following we will also use a notation ψ = ψ1 + ψ4.
Using the CCWZ covariant derivative (2.11) and the d-symbol (2.6) we can write down a
lagrangian for the lowest level of composite fermionic excitations
Lcomp = iψ4 /∇ψ4 + iψ1 /∇ψ1 +
f2π
4
diµd
µ,i −m4ψ4ψ4 −m1ψ1ψ1 +
(
i c41 ψ
i
4γ
µdiµψ1 + h.c.
)
,
(2.14)
where the d2 term contains the kinetic term of the Goldstone bosons. For simplicity we
omitted the couplings to gluons, they are trivially deduced from the fact that the top part-
ners must be color triplets in order to mix with the top. We also imposed the parity sym-
metry in the strong sector, which made the d-symbol interactions insensitive to the fermion
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chirality. In order to fix the X-charge of the top partners we must specify the properties of
the top quark. The SM states clearly do not form the complete SO(5) × U(1)X represen-
tations, but are embedded into 5 according to their transformation properties under GSM
q5L =
1√
2

i bL
bL
i tL
−tL
0
 , t5R =

0
0
0
0
tR
 , (2.15)
where both qL and tR embeddings have the same X-charge 2/3, allowing to reproduce the
correct electric charge of the top. The qL = {tL, bL} has an isospin T 3R = −1/2 which
provides a protection from large deformations of the bL couplings [66, 67]. The composite
operator Oq and the top partners hence also have the X-charge equal to 2/3 and we can
write down the decomposition of the fourplet in terms of T 3L,R eigenstates as
ψ4 =
1√
2

iB − iX5/3
B +X5/3
i T + iX2/3
−T +X2/3
 , (2.16)
wehere {T,B} has the left-handed SM doublet quantum numbers, while the SU(2)L doublet
{X5/3, X2/3} has larger by one unit electric charges.
The elementary part of the lagrangian is trivial and contains the standard covariant
derivatives of the elementary quarks. The mixing between the elementary and composite
states can be written as
Lmix = yL4fπ
(
q5LU
)
i
ψi4 + yL1fπ
(
q5LU
)
5
ψ1 + h.c.
+ yR4fπ
(
t
5
RU
)
i
ψi4 + yR1fπ
(
t
5
RU
)
5
ψ1 + h.c. , (2.17)
where the Goldstone matrices U were introduced as compensators to provide non-linearly
realized SO(5) symmetry. This lagrangian preserves GSM if 〈h〉 = 0 (〈U〉 = 1) but breaks the
Goldstone symmetry given that the quark embeddings do not form the complete multiplets.
In the following we will often consider the configurations with yL1 = yL4 = yL and yR1 =
yR4 = yR. They naturally arise in deconstructed models of CH [68, 69] and allow to decrease
the sensitivity of the Higgs potential to the cutoff scale. The mixings y are expected to
be small, realizing weak breaking of the Goldstone symmetry and hence a sufficiently low
Higgs mass. The masses of the composite resonances are restricted to . 2TeV range by
the naturalness considerations. The size of the d-symbol coefficient c41 is expected to be
of the order one by the power counting [103].
On top of the leading order interactions described above, certain observables can be
significantly affected by the higher dimensional operators, suppressed by the cutoff scale
of our effective description. In order to estimate these effects we will adopt the power
counting rule of ref. [103], which assumes that the UV effects are characterised by a mass
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scale mρ and a coupling gρ, satisfying the relation mρ ∼ gρfπ. For instance, applying this
rule to estimate the size of four-fermion contact interactions we obtain
L4ferm ∼ 1
f2π
ψ4 . (2.18)
The coefficients of the four-fermion operators can be further restricted to specific values,
for instance if we assume that they are generated exclusively by the vectorial resonances
predicted by some particular UV completion. We will not do this trying to keep the
discussion as general as possible and not enter in the additional CH model-building details.
Given the presence of a certain degree of freedom in choosing the coefficients of the four-
fermion operators, we will try to base our conclusions on the viability of the considered
scenarios basing on the least sensitive to them parameters.
Mass spectrum
The mass spectrum is trivially obtained in the leading order in v/fπ. The top mass is
proportional to the left and right mixings with the partners
m2top ≃
(yL1yR1m4 − yL4yR4m1)2 f4π
(m24 + y
2
L4f
2
π)(m
2
1 + y
2
R1f
2
π)
ξ
2
, (2.19)
the composite states are approximately organized in two SU(2)L doublets and one singlet
ψ1 = T˜
mX2/3 ≃ mX5/3 = m4 (2.20)
mT ≃ mB =
√
m24 + y
2
L4f
2
π , (2.21)
m
T˜
≃
√
m21 + y
2
R1f
2
π (2.22)
Higgs mass
The Higgs mass arises at one loop level as a consequence of Goldstone symmetry breaking.
One unavoidable and large source of this breaking is the mixings of the elementary top
with the top partners. These mixings have to be large in order to generate the observed
top mass. After fixing the mixing parameters yL4 = yL1 = yL and yR4 = yR1 = yR the
5L+5R model provides a computable
2 (UV-insensitive) Higgs mass [13]
mh ≃ mtop
√
2Nc
pi
mTmT˜
fπ
√
log(mT /mT˜ )
m2T −m2T˜
(2.23)
One should however keep in mind that the 5L+5R model is supposed to contain only the
low-energy (and minimally required) part of some more complete one. For instance, ex-
tending it to a three-site model of ref. [68] brings non-negligible changes to the dependence
mh(mT ,mT˜ ), especially in the region with mT ∼ mT˜ , allowing for significantly heavier
partners than predicted by eq. (2.23) (up to 2TeV for ξ = 0.1, see ref. [13]).
2The potential in general is logarithmically divergent, but the single divergent operator can be eliminated
with a counterterm fixing 〈h〉.
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2.3 Fermions in 14L+1R
The main differences of the 14L+1R model [43] with respect to the 5L+5R model are
the larger dimensionality of the composite operator mixing with qL and the fact that tR
belongs to the strong sector. The operator O can now excite three multiplets of SO(4):
9, 4 and 1. We embed the SM fermions in such a way that they have the same quantum
numbers as in the previous case
q14L =
1√
2

0 0 0 0 i bL
0 0 0 0 bL
0 0 0 0 i tL
0 0 0 0 −tL
i bL bL i tL −tL 0
 . (2.24)
and hence one needs the sameX-charge assignment for all the fermions QX = 2/3. We have
already discussed 4 and 1, and the nineplet can be decomposed in T 3L and T
3
R eigenstates as
ψ9 ⊃ {X8/3, X5/3, X2/3}, {Y5/3, Y2/3, Y-1/3}, {Z2/3, Z-1/3, Z-4/3}, (2.25)
separated according to their T 3R = +1, 0,−1 eigenvalues, where subscripts correspond to
electric charges. The full matrix form of ψ9 can be found for instance in ref.s [43, 94]. The
leading order composite lagrangian has the form
Lcomp = i t¯R /∇ tR + iψ9 /∇ψ9 + iψ4 /∇ψ4 + iψ1 /∇ψ1 +
f2π
4
diµd
µ,i
−m9ψ9ψ9 −m4ψ4ψ4 −m1ψ1ψ1
+i c4t ψ
i
4Rγ
µdiµtR + i c41 ψ
i
4γ
µdiµψ1 + i c94 ψ
ij
9 γ
µdiµψ4j + h.c., (2.26)
where for the covariant derivative of ψ9 we have
ψ9 /∇ψ9 = ψ¯i,j9
(
δj,k∂µ − 2/3ig′Bµδj,k + 2i /eaT j,ka
)
ψk,i9 . (2.27)
Given that in a presence of chiral composite state tR one can not impose a parity in the
composite sector, all the terms in the lagrangian (2.26) with d-symbols can be split in two,
with independent coefficients, which we do not do for simplicity. We also omit the mixing
term between ψ1 and tR for the same reason. The mixing lagrangian now contains the
direct mass term between the elementary qL and composite tR
Lmix = yLt
2
fπ(U
tq14L U)55tR (2.28)
+yL4fπ(U
tq14L U)i5ψ
i
4 +
yL1
2
fπ(U
tq14L U)55ψ1 (2.29)
+yL9fπ (U
tq14L U)j,i ψ
i,j
9 + h.c. (2.30)
Mass spectrum
The mass spectrum is simple to obtain, the top mass is controlled by the yLt mixing
m2top ≃
m24
m24 + y
2
L4f
2
π
y2Ltf
2
π
ξ
2
, (2.31)
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the composite resonances in 4+1 have masses [31]
mX2/3 = mX5/3 = m4 , (2.32)
mT ≃ mB ≃
√
m24 + y
2
L4f
2
π , (2.33)
m
T˜
≃ m1 , (2.34)
while the masses of the members of 9 are almost degenerate
mψ9 ≃ m9 . (2.35)
Higgs mass
Though the 14L+1R model does not provide the calculable Higgs mass, the latter can
be estimated approximately [17, 43]. This estimate shows that, in order to minimize the
tuning, the composite fermionic resonances saturating the Higgs potential should not be
heavier than 1− 2TeV.
2.4 Flavour patterns
In sections 2.2 and 2.3 we have introduced two models of composite partners of the top
quark. In this section we will describe their possible generalizations needed to incorporate
the first two families of the up-type quarks. Among the considered so far types of CH flavour
patterns one can single out flavour-anarchic and flavour-symmetric scenarios. The main
phenomenological constraints on the anarchic scenarios follow directly from the intrinsic
effects of the strong dynamics and Partial Compositeness. Hence we do not expect that
accounting for the subtle implications of PNGB nature of the Higgs, which mostly affect
EWSB-related observables, can significantly modify the understanding of this scenario.
Nevertheless some of the effects discussed in this work should also be accounted for when
performing a rigorous analysis of the anarchic scenarios. In this work we will focus on
flavour-symmetric scenarios, with two types of horizontal symmetries of SM up-type quarks
and composite resonances, U(3)2 and U(2)2, the latter acting on the first two families.
Breaking of the given flavour groups will be generated by the interactions of elementary
fermions with the composite sector. In order to generate all the flavour structures of the
SM it is enough to assign the flavour-breaking couplings to just one chirality of SM quarks,
qL or uR. Corresponding scenarios will be called Right Compositeness (RC) and Left
Compositeness (LC). Of course we will assume that the down-type sector also contains
some flavour-breaking sources. Their effect will be reflected in the non-diagonal rotation
matrices of the down-type quarks and their masses.
5L+5R U(3)
2. We start by considering the case in which the strong sector is symmet-
ric under the diagonal combination of the elementary sector flavour symmetries, [U(3)q ×
U(3)u]V , introduced (with an extension to the down partners) in ref.s [47, 48, 62] in or-
der to minimize the number of flavour-breaking structures. We refer to the extended
[U(3)q×U(3)u×U(3)d]V -like symmetry as the simplest principle for completing our model
with the down-type sector. In this case constraints considered in the present work will also
play the dominant role.
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The extension of the one-generation 5L+5R model to U(3)
2 case is straightforward,
one needs to triple the spectrum of composite resonances and promote the mixing terms
and mass parameters to three-dimensional matrices in flavour space. The [U(3)q×U(3)u]V
requires all the composite sector parameters to be proportional to the identity in flavour
space. Here and for the other considered flavour patterns we will also impose a CP -
conservation in the composite sector. The general form of the mixing Lagrangian, with the
explicitly shown flavour indices, is
Lmass = q¯iLyijL fπUψj + u¯iRyijRfπUψj − ψ¯imijψψj , (2.36)
where here and in all the following cases we assume yL1 = yL4 = yL and yR1 = yR4 = yR.
Integrating out composite resonances amounts for a substitution
ψL → s†LqL , ψR → s†RuR , (2.37)
where the degree of mixing of the elementary quarks with composites is defined, neglecting
EWSB effects, by
sL ≃ yLfπm−14
1√
1 + y†Lm
−2
4 yL f
2
π
, sR ≃ yRfπm−11
1√
1 + y†Rm
−2
1 yR f
2
π
. (2.38)
After integrating out heavy fermions, we obtain an expression for SM quark masses in the
leading order in v/fπ
mu = sL[m1 −m4]s†R
v√
2fπ
, (2.39)
md = λd
v√
2
, (2.40)
where for the down sector we just assumed a presence of Yukawa interactions without
specifying their origin. In the LC case the matrix yL (and sL) is proportional to the
identity while yR (and sR) is responsible for flavour breaking. In the RC case the roles
of yL and yR are switched. The diagonalized SM mass matrices and their eigenstates are
obtained by Uu(d) and Vu(d) rotations
mˆu(d) = Uu(d)mu(d)V
†
u(d) (2.41){
uˆL = UuuL , uˆR = Vu uR
dˆL = UddL , dˆR = Vd dR
(2.42)
where the symbols with hats correspond to the mass eigenstate basis. We define the matrix
VCKM as
VCKM = UuU
†
d . (2.43)
For the following it is also useful to define the matrix
ξij = V
†
CKMi3VCKM3j (2.44)
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We take the CKM matrix structure (not necessarily exactly equal to the SM one) and the
mass eigenvalues as an input, without trying to explain them.
Given that we assume one of the mixings to be diagonal, all its components should be
sizeable in order to generate the top mass, while the second mixing, after diagonalization,
has only one large component. Therefore for LC the spectrum of composite states contains
three degenerate in mass {T,B} doublets with a mass ∼
√
m24 + y
2
Lf
2
π , one singlet top
partner with a mass ∼
√
m21 + yˆ
2
tRf
2
π and two lighter singlets with masses ∼ m1. In RC
case the spectrum contains three degenerate singlets with mass ∼
√
m21 + y
2
Rf
2
π , one top
partner doublet {T,B} of a mass ∼
√
m24 + yˆ
2
tLf
2
π and two lighter doublets with masses
∼ m4. In addition in all the cases there are three degenerate exotic doublets {X5/3, X2/3}
with a mass ∼ m4.
Presence of three large elementary-composite mixings also affects the Higgs potential.
But as was shown in ref. [13], the resulting expression for the Higgs mass of the two-site
model, such as 5L+5R , depends dominantly on the product of the left and right-handed
mixings. Therefore the Higgs mass is still mostly determined by the top sector and the
relation (2.23) approximately holds.
5L+5R U(2)
2. A smaller flavour symmetry, still allowing to decrease the number of
unwanted flavour-breaking parameters [36, 63], is the minimally broken U(2)3 [77], acting
on the first two families of fermions. Again we will only consider the phenomenology of the
up-type sector, carrying only the U(2)2 factor. However for concreteness we will also use a
specific explicit form of the down-type Yukawa matrices, which can be naturally explained
by U(2)3 symmetry.
Implementation of U(2)2 symmetry into 5L+5R model does not necessarily require to
increase the number of composite partners. The dominant contribution to Yukawa inter-
actions of the light quarks could be Technicolor(TC)-like [27, 65],3 arising from operators
bilinear in elementary quarks
LUVTC ∼ q¯5LOu5R , (2.45)
whereO now is a scalar operator transforming in the SO(5) representation. This interaction
produces the mass term of the form
LTC = λq¯5LUSU †u5R ⊃ λ
v√
2
q¯LuR , (2.46)
where S is some scalar operator with SO(4)-invariant VEV 〈S〉 ∼ fπ. In both cases,
assuming partial compositeness or not for light quarks, we are now in principle allowed to
embed them into SO(5) differently compared to the third family. For simplicity we will
not do this for the 5L+5R model.
For both partially composite (PC) and mixed (called TC in the following) scenarios
we assume the following form of the resulting Yukawa matrices, containing the minimal
3See [64] for the PNGB Higgs with TC-like masses for all the fermions.
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sL s
†
R
U(2)2
LC
diag{suL, suL, stL} ∆−1gψ s−1L
 λ1,2 V
λ3

U(2)2
RC
 λ1,2 V
λ3
 (s†R)−1∆−1gψ diag{suR, suR, stR}⋆
U(2)2
TC
diag{0, 0, λ3/(s⋆tR∆gψ)} diag{0, 0, stR}⋆
Table 1. Mixings of the elementary fermions with composite partners in the 5L+5R model with
U(2)2 symmetry.
number of flavour breaking needed to generate the SM flavour
λ =
 λ1,2 V
λ3
 , Lmass = − v√
2
u¯iLλ
ijujR , (2.47)
where λ1,2 is a 2 × 2 matrix and V parametrizes small U(2)-breaking mixing of first two
generations with the third one. The λ matrix of eq. (2.47) can be approximately diago-
nalized by left-handed rotation only. We do not give more details on the properties of the
Yukawa matrix (2.47), for them we refer the reader to ref. [35]. For definiteness we also
assume the analogous form of the Yukawa matrix in the down sector.
In case of a simple extension of the partial compositeness paradigm to the first two
families, the non-diagonal elements of λ are generated from yL and yR mixings for Right
and Left Compositeness respectively. In TC scenarios we could assign some of the flavour
breaking sources to the TC interactions, and the others to the mixings with the top part-
ners. For simplicity we will only consider the case when the mixings with the top partners
preserve the U(2)2. Following these conventions, we present the mixings of the elementary
quarks with the composite partners in terms of the Yukawa matrix (2.47) in table 1, where
we used the notations ∆gψ = (m4 − m1)/fπ with m1,4 = diag{mu1,4,mu1,4,mt1,4}. Notice
that now even if the light quark partners are present, their mass is not linked to the top
partners mass and hence is not restricted to be light.
14L+1R U(3)
2. Extending the 14L+1R model to U(3)
2 symmetric case encounters a
conceptual problem. Since the composite sector is assumed to be flavour-invariant, all
the three generations of right-handed up-type quarks must be totally composite. This
possibility is ruled out by severe constraints on the degree of compositeness of the first
generation of quarks.
14L+1R U(2)
2. Flavour extension of the 14L+1R model in U(2)
2-symmetric way also
allows for two possible ways of light quark mass generation, but this time we will restrict
ourselves to the case of partial compositeness for all the quark families. We will assume
14L+1R embedding for the third family of fermions and 14L+14R for the first two families
(with elementary cR and uR), to avoid the constraints on the light quark compositeness.
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Figure 1. Regions in the Sˆ-Tˆ plane, allowed at 68%, 95% and 99%CL [44] (from dark to light grey
respectively). The estimated size of the contributions due to the Higgs couplings modification (3.1),
composite vectors (3.2) and composite fermions are shown with red lines. The cutoff scale is taken
to be 3TeV.
For the resulting Yukawa matrices we assume the same form as in eq. (2.47). In this case,
having the tR as a totally composite state, one can only reproduce the Yukawa matrix (2.47)
under the assumption of the Right Compositeness (flavour violation enters only in the
interactions with qL). Degree of mixing of partially composite states is defined by
sL = diag{λ1,2(s†R)−1∆−1gψ , stL} , s
†
R = diag{s1R, s1R}⋆ , (2.48)
where stL now is not constrained by the size of the top mass.
3 Experimental constraints
3.1 EWPT
In this section we will discuss the Sˆ and Tˆ parameters [70, 71] sensitive to the New Physics
contributions in the two point functions of electroweak gauge bosons. On figure 1 we show
the currently allowed values of Sˆ and Tˆ and an estimated size of different corrections to
them [32], which will be discussed in details in this section. Given the approach taken
in this work, the central point of our discussion will be the effects related to the up-type
partners (for the constraints on the down partners see for instance [72]).
3.1.1 Sˆ parameter
The least model dependent [49] contribution to the Sˆ parameters originates from the modifi-
cation of the Higgs couplings to the gauge bosons and arises at one loop as a logarithmically
divergent positive [46] term
∆Sˆ(Higgs) =
g2
192pi2
ξ log
(
m2ρ
m2h
)
. (3.1)
– 13 –
J
H
E
P
0
2
(
2
0
1
5
)
1
5
4
Figure 2. 99%CL bounds on ξ obtained from the Sˆ parameter only, for a cutoff scale 3TeV
(black lines) and 5TeV (red lines), for one family of composite resonances (solid lines) and three
degenerate families (dashed lines), for the resonances transforming as 4 (left panel) and 9 (right
panel) of SO(4). The green line bounds the region with a moderate tuning ξ ∼ 0.1. The Sˆ
parameter, besides fermionic contribution, includes the IR logarithm (3.1) and a UV part (3.2).
The contribution of the UV dynamics to Sˆ can be estimated, using the power counting of
ref. [103]
∆Sˆ(vect) ≃ m
2
W
m2ρ
. (3.2)
To consider it in more details, we can assume that it is dominated by an exchange of
composite vectorial resonances, transforming in the adjoint representation of SO(4) (ρµ)
and SO(5)/SO(4) (aµ). The resulting correction in this case is proportional to the difference
of the ρµ and aµ self-energy derivatives [11] and gives
∆Sˆ ≃ ξ
2
[
g2
g2ρ
− g
2
g2a
]
, (3.3)
where gρ and ga are respectively the couplings of the ρµ and aµ resonances. Despite
the fact that ∆Sˆ is given by a difference, the resulting contribution is typically positive.
The positivity follows from the symmetry properties of the explicit CH models or from
the Weinberg sum rules [51] requiring a good behaviour of the two-point functions at
high energies. Nevertheless certain non-minimal terms in the Lagrangian, which we will
not consider in this work, can lead to an overall negative sign of the vector resonance
contribution [50].
As was noticed in ref.s [32, 45, 48], the Sˆ parameter can also receive logarithmically
divergent contribution from the loops of composite fermions, independent on their mix-
ings with the elementary states. The size of this contribution depends on the fermionic
representations, for those relevant for the present discussion we have [54]
∆Sˆ(ferm) =
g2ξ
16pi2
[
2nψ4 + 12nψ9 − 4 c241 nψ4dψ1 − 2 c24t nψ4dtR − 9 c294 nψ9dψ4
]
logm2ρ , (3.4)
where the first two terms correspond to contributions of nψ4 fourplets and nψ9 nineplets
respectively, and the rest corresponds to the d-symbol interactions between different mul-
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tiplets. Given a potentially large number of relatively light composite fermion families, the
contribution (3.4) can dominate the Sˆ.
This correction can be seen as originated from the running of the effective couplings
gρ and ga in eq. (3.3) from the mass scale of composite vectors down to the electroweak
scale, induced by composite fermions4
geff 2ρ,a ≃ g2ρ,a − βρ,a log
(
m2ρ,a
m2ψ
)
with {βρ, βa} = NcNfCr
g4ρ,a
12pi2
· {1, 2c241} , (3.5)
where Nc and Nf are the numbers of colors and flavours and Cr is a Casimir operator of
the fermionic representation. The effective ga,ρ, evaluated at the electroweak scale, are not
subject to the Weinberg sum rules and hence can allow for a negative overall shift in Sˆ.
Therefore the Sˆ parameter is sensitive both to the cutoff scale and to the composite
resonances not interacting with the quark sector. On figure 2 we show the bounds on
the fourplet and nineplet masses, depending on the number of composite families with
degenerate mass parameters, contributing to Sˆ. Three degenerate families of fourplets or
even just one family with a nineplet are severely constrained by Sˆ, hence in the following,
considering these possibilities, we will need to tune the c-coefficients to cancel large positive
contributions to Sˆ.
3.1.2 Tˆ parameter
The two dominant sources of corrections to the Tˆ parameter in CH models with custodially-
symmetric composite sector come from the distortion of the Higgs couplings and from the
elementary-composite fermion mixings. The former effect is analogous to the logarithmi-
cally divergent contribution to Sˆ (3.1), but is negative and has a larger size
∆Tˆ h = − 3g
′ 2
64pi2
ξ log
(
m2ρ
m2h
)
, (3.6)
which for a reference value mρ = 3TeV becomes ∆Tˆ
h ≃ −4 ·10−3ξ. Therefore typically the
fermionic contribution to Tˆ needs to be positive to compensate ∆Tˆ h. This becomes not
strictly necessary if Sˆ receives large negative contribution from the fermionic loops, but in
the following we will prefer not to consider this possibility since it requires the d-symbol
coefficients to be slightly larger than what is typically expected.
In both considered types of elementary fermion embeddings, the Tˆ parameter is finite
and hence can be reliably computed. The parameter, breaking the custodial symmetry,
is yL, therefore all the partners with sizable yL are relevant for ∆Tˆ . We present analytic
expressions for the fermionic contributions to the Tˆ parameter from the composite partners
transforming as 1, 4 and 9 in case of composite tR, relevant for the 14L+1R model,
computed using the results of ref. [52]. For completeness we also report ∆Tˆ induced by
4The running of the SO(5)/SO(4) resonance contribution to Sˆ has additional corrections not accounted
for just by running of the coupling, and proportional to the composite fermion mass difference. This
behaviour is explained by the fact that the coset resonances correspond to the symmetry which is not
respected by the strong sector.
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1 and 4 with a partially composite tR, computed in previous studies [32, 49, 53]. All the
expressions are given in the leading order in ξ expansion.
5L+5R model
• singlet gives a positive contribution to the Tˆ
∆T 5+5(1)=
3 ξ
64pi2
y4L1m
2
1f
2
π
(m21+y
2
R1f
2
π)
3
{
m21+2y
2
R1f
2
π
[
log
(
2(m21+y
2
R1f
2
π)
2
v2y2L1y
2
R1f
2
π
)
−1
]}
. (3.7)
• fourplet instead contributes negatively. Performing additional expansion in mixing
parameters to simplify the expression, one gets
∆T 5+5(4) = − ξ
32pi2
y4L4f
2
π
m24
. (3.8)
14L+1R model
• singlet contribution coincides with the one obtained for the 5L + 1R model [32] and
is positive
∆T 14+1(1) =
3 ξ
64pi2
y2L1f
2
π
m21
{
y2L1 + 2y
2
Lt
[
log
(
m21
m2top
)
− 1
]}
. (3.9)
• fourplet-induced correction, expanded in yf/m4, reads
∆T 14+1(4) =
ξ
32pi2
yL4f
2
π
m24
{
− (17 + 9c4t)y3L4 + 18
√
2c4tyLty
2
L4 + 6(1 + 2c
2
4t)y
2
Lt
+3y2Lt(yL4 − 4
√
2c4tyLt)
[
log
(
m24
m2top
)
− 1
]}
, (3.10)
and can be of both signs.
• nineplet alone gives a positive contribution to Tˆ , but the right-handed top induces
an additional negative shift, proportional to log
(
m29
m2t
)
. The latter contribution is
controlled by yLt ∼ ytop which can not be made much smaller than 1 for the top
partners. The positivity of the resulting contribution
∆T 14+1(9) =
ξ
64pi2
y2L9f
2
π
m29
{
19y2L9 + 6y
2
Lt
[
7− 3 log
(
m29
m2top
)]}
(3.11)
hence requires a somewhat large yL9.
3.2 Flavour-diagonal Z couplings
3.2.1 Zu¯u (and Wu¯d)
The most stringently constrained variable, sensitive to the variation of the Z couplings
to up-type quarks is the hadronic Z width normalized to the leptonic one. According to
ref. [44] we have at 1σ
Rexph = 20.767(25) , R
SM
h = 20.740(17) . (3.12)
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Couplings to the left- and right-handed light quarks with the Z can be significantly distorted
with respect to the SM for, respectively, Left and Right Compositeness with U(3)2. The
Zuu coupling turns out to be equal in the leading order to another important parameter,
δVud [59–61]. The latter in the LC case defines a universal factor (1+ δVud) which rescales
all the left-handed W -boson couplings. Therefore using the constraint on the CKM matrix
unitarity [76] we can obtain a bound on δVud (at 1σ),
|V effud |2 + |V effus |2 + |V effub |2 = (1 + δVud)2
∑
x
|Vux|2 = (1 + δVud)2 = 0.9999(6) , (3.13)
where V effux are the effective CKM elements generated in CH and Vux are the elements of
the unitary matrix defined in eq. (2.43). The deviation from the universal rescaling can in
principle appear in Vub, due to a sizable ytR, but the overall suppression by Vub makes it
irrelevant.
For the Lagrangian parametrized as
LZ,u = g
cw
Zµt¯γ
µ[(gSMuL + δguL)PL + (g
SM
uR
+ δguR)PR]t , (3.14)
where
gSMuL =
1
2
− 2
3
s2w , g
SM
uR
= −2
3
s2w , (3.15)
the leading contributions to the discussed couplings in 5L+5R model are [32]
δg5+5uL = δV
5+5
ud = −
ξ
4
f2pi
m24 + y
2
L4f
2
pi
[(
m4m1yL1 + yL4yR4yR1f
2
pi
m21 + y
2
R1f
2
pi
−
√
2cyL4
)2
+ (1− 2c2)y2L4
]
(3.16)
δg5+5uR =
ξ
4
f2pi
m21 + y
2
R1f
2
pi
[(
m4m1yR4 + yL4yL1yR1f
2
pi
m24 + y
2
L4f
2
pi
−
√
2cyR1
)2
−
(
m1yR4
m4
−
√
2cyR1
)2]
(3.17)
δVud and δguL put very stringent constraints on LC scenario [35, 62], therefore we will
comment on a condition needed to minimize them. As was pointed out in ref. [32], the
interactions of the fermions with the Goldstones of the Lagrangians (2.14) and (2.17) can
be localized in the single term
Lc=1/
√
2 ⊃ −(m1 −m4)(ψ¯U)5(U †ψ)5 (3.18)
after setting c41 = 1/
√
2, yL1 = yL4 = yL, yR1 = yR4 = yR and making a field redefinition
ψ → U †ψ. Therefore for m1 close to m4 all the New Physics effects sensitive to EWSB are
decreased. This configuration corresponds to a restored SO(5) symmetry of the composite
sector, hence the Goldstone matrices can be removed from the interactions with fermions.
This, however, also leads to a vanishing top mass, see eq. (2.19), since in U(3)2 case all the
families of partners share the same m1 and m4.
Let us now consider a case with c41 = −1/
√
2. Now, after flipping a sign of the singlet
partners of the up and charm T˜
(1,2)
L → −T˜ (1,2)L , and redefining m(1,2)1 → −m(1,2)1 , we arrive
to almost the same form of the Lagrangian for the left-handed fermions (including their
interactions with the right-handed ones) of the first two generations as in the c41 = 1/
√
2
case. The only coupling, whose form will differ, is the mixing of ψL with uR and cR
yRu¯RUψL → yRu¯RU(ψ4L − ψ1L) (3.19)
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but in case of LC it is negligible. Therefore, as follows from eq. (3.18), we can decrease
all the EWSB effects in the left-handed up and charm sector for m
(1,2)
1 ≃ m(1,2)4 . In
particular, δVud and δguL can be suppressed. The top mass in this case is proportional to
|m(3)1 − m(3)4 | = |m(1,2)1 + m(1,2)4 | and hence can be made sufficiently large. In agreement
with our discussion, for c41 = −1/
√
2, yL1 = yL4 = yL and yR → 0 eq. (3.16) simplifies to
δg5+5uL = δV
5+5
ud = −
ξ
4
y2Lf
2
π
m24 + y
2
Lf
2
π
[
m1 +m4
m1
]2
. (3.20)
The discussed condition only minimizes the tree-level contributions, the loop effects can in
principle be comparable with the current bound
δV
5+5(1loop)
ud ≃ ξ
1
16pi2
s2L (3.21)
but their detailed analysis lays beyond the scope of this work.
The couplings of the right-handed up-type quarks to the Z are protected by the PLR,
which is only broken by the yL mixing. Therefore, as can be explicitly checked from
eq. (3.17), the δguR is proportional to the product of left- and right-handed mixings, i.e.
δguR,cR ∼ λˆu,c, which is negligible. Bounds on the distortions of the right-handed couplings
of the W are too weak and hence irrelevant for our discussion [35].
In the 14L+1R scenario, which is only defined for U(2)
2, the overall scale of the
couplings deviation is dictated by the degree of compositeness of left-handed light quarks,
which is naturally small.
3.2.2 Zd¯d
In our set-up the Zb¯b vertex can not receive any tree-level corrections at zero momentum
transfer from the top partner sector. The reason is the left-right parity PLR [66, 67] in
the charge -1/3 sector, protecting gbL , and the absence of interactions with bR. In order
to generate the latter we need to include the bottom partners in our description. Bottom
partners can also generate the tree-level corrections to gbL , which are however naturally
suppressed by a small mass of the bottom quark. For the simplest embedding of the bR, as
a singlet of SO(4), the right-handed coupling gbR is also protected by PLR and hence can
only receive one-loop corrections. Nevertheless, given a disagreement between the current
measurement of the Zb¯b couplings and the SM prediction, it is desirable to have a certain,
though small, deviation from the SM, as can be seen on the left panel of figure 3.
In the scenarios with U(3) symmetry also the couplings of the down and strange
quarks to the Z can become sizably distorted, modifying the prediction for the hadronic
Z width, discussed in the previous section. On the right panel of figure 3 we present the
allowed modifications of the left-handed couplings to the up- and down-type quarks, taking
δgdL = δgsL = δgbL and δVud = δguL = δgcL , which can be the case for U(3)
2 LC.
In the following we will consider the deviations which can be induced by the composite
partners. We parametrize the momentum-independent Zd¯d interaction lagrangian as
LZ = g
cw
Zµdγ
µ
[
(gSMdL + δgdL)PL + (g
SM
dR
+ δgdR)PR
]
d , (3.22)
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Figure 3. Constraints on the corrections to the Z boson couplings to the quarks. Left panel: experi-
mental constraints on Zb¯b coupling (green ellipses), at 68% and 95% confidence level [55]; the vertical
orange band shows the expected size of the corrections to the gbR coupling. Right panel: constraints
on the left quark couplings in the case of U(3)3 Left Compositeness, derived from Rh at 1σ and 2σ
(in green); orange band corresponds to the possible size of δgbL compatible with constraints on Zb¯b
coupling. Red bands are allowed by δVud(assuming δVud = δguL) at 1σ and 2σ. Modifications of the
right-handed couplings are taken to be 0. Blue dots on both plots correspond to the SM predictions.
where with a one-loop precision
gSMdL,sL = −
1
2
+
1
3
s2w , g
SM
bL
= −1
2
+
1
3
s2w +
m2t
16pi2v2
, gSMdR,sR,bR =
1
3
s2w . (3.23)
In the following we will call all the couplings gbL or gbR , keeping in mind that our results
also apply to the first two generations.
Momentum-dependent corrections
We will first focus on the corrections to the Zb¯b coupling, proportional to the momentum
transfer in the vertex and hence unaffected by the PLR symmetry protection. We will
first sketch the general line of the analysis and then go into details. One can write down
the following correction to the Zb¯LbL interactions induced by a momentum-dependent
dimension-6 operator
Lq2Zbb ∼
gSMbL s
2
L
m2ρ
b¯ γµDνF
µν b (3.24)
where two powers of sL follow from the fact that the operator is generated due to the
strong sector dynamics which is only coupled to the bottom quarks by mass mixing. For
the on-shell Z the correction to the coupling reads
δg
(q2)
bL
∼ gSMbL s2L
m2Z
m2ρ
∼ 10−3gSMbL s2L (3.25)
where for the last estimate we took mρ = 3TeV. The expression (3.25) closely resembles
the UV correction to the Sˆ parameter of eq. (3.2). The latter is significantly affected by the
one-loop contribution of the fermionic resonances, which can be conveniently estimated by
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taking mρ ∼ gρfπ → geffρ fπ ∼ meffρ in eq. (3.25). The parameter meffρ , affected by loops with
multiple colored resonances, can differ by a factor of few from the initial mρ, enhancing the
resulting effect on δg
(q2)
bL
. Since this correction scales with the Z momentum, it is negligible
for the flavour physics observables.
For a more detailed analysis of this effect we will first introduce the bottom partners
in a more concrete way, for the purpose of this section only. We assume that they form
1−1/3+ 4−1/3+ 9−1/3 under SO(4)×U(1)X and mix with the elementary fermions bR and
q
(b)
L , embedded respectively as the SO(4) singlet and TR = +1/2 component of the fourplet,
with a charge −1/3 under U(1)X . The mixing of q(b)L with the bottom partners induces
tree-level corrections to Zb¯LbL and thus has to be very small. The bL and bR hence are
mixed mostly with the top and bottom partners respectively. Using the CCWZ building
blocks, one can construct the following dimension-6 operators containing top and bottom
partners and contributing to Zb¯b
Lq2Zbb =
cρbL
m2ρ
BLγµ(∇νeνµ)BL + c
X
bL
m2X
BLγµ(∇νe(X) νµ)BL +
+
cbR
m2X
B˜Rγµ(∇νe(X) νµ)B˜R (3.26)
where B is a charge -1/3 top partner and B˜ is a singlet partner of bR. The definitions
of eµν and e(X)µν were given in eq. (2.13), and at 〈h〉 = 0 they are proportional to the
usual SU(2)L and U(1)X field strengths. We kept different mass scales suppressing different
operators, as would be the case if they were generated exclusively by integrating out SO(4)
(ρ) and X bosons (all the c-coefficients are equal to one in this case). For the on-shell Z
the effect of the couplings of eq. (3.26) is
δg
(q2)
bL
= s2tL
{
−1
2
(1− 2s2w)
m2Z
m2ρ
− 2
3
s2w
m2Z
m2X
}
≃ −0.4 · 10−3s2tL (3.27)
δg
(q2)
bR
= s2bR
{
1
3
s2w
m2Z
m2X
}
≃ 0.1 · 10−3s2tL (3.28)
where sbR is the bR degree of compositeness and the numerical estimates were made as-
suming mρ,X = 3TeV. After accounting for one-loop fermionic corrections, the coefficients
of the operators (3.26) can be enhanced in analogy with the Sˆ parameter. Notice, how-
ever, that the two effects, though having a similar origin, are not correlated. Indeed, the
one-loop correction to Sˆ is related to the difference between the SO(4) and SO(5)/SO(4)
form-factors, while the correction to Zb¯b comes mostly from a combination of the SO(4)
and X-charge ones.
From the point of view of the EFT below the scale of composite vectors, the dominant
corrections to the coefficients of the operators (3.26) come from the diagram depicted on
figure 4 with one four-fermion vertex, containing a flavour- and color-disconnected loop.
We will consider the following four-fermion interactions
L4f = − 1
f2π
∑
p1,p2
CρJ
(p1)
ρ µ J
(p2)µ
ρ −
1
f2π
∑
p1,p2
C
(p1,p2)
X J
(p1)
X µ J
(p2)µ
X (3.29)
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Figure 4. Diagram contributing to the Zbb coupling at finite momentum.
Figure 5. Corrections to Zb¯b couplings induced at q2 6= 0 (in blue), for a benchmark set of four-
fermion operators, for ξ = 0.1 and the cutoff scale 3TeV, with the fermions (up+down partners)
belonging to [4+ 1]2/3 + [4+ 1]−1/3 (left panel) and [9+ 4+ 1]2/3 + [9+ 4+ 1]−1/3 (right panel)
representations, with mass mψ = 1TeV, for different number of partners families (up + down) as
indicated on plots. The mixing sL is limited to be at most 0.5. Green area is experimentally allowed
at 1σ (darker) and 2σ (lighter).
where p1, p2 = {t, b} and J (p)ρ,X µ are respectively the SO(4) and U(1)X currents of composite
p partners. The coefficients C are expected to be of the order one, we will take C
(p1p2)
X
symmetric in p1, p2. If the operators of eq. (3.29) were obtained by integrating out one
layer of SO(4) and U(1)X resonances, one would obtain Cρ = 1 and C
(p1,p2)
X = q
p1
X q
p2
X where
qX = 2/3,−1/3 for the top and bottom partners respectively. This set of values will be
called a benchmark set in the following.
With the four-fermion operators (3.29), assuming the equal number Nf of the top and
bottom partners families, we obtain the corrections to the Z couplings
δg
(q2,1loop)
bL
= s2tLNcNf
{
−1
2
(1− 2s2w)(2Cr)Cρ − s2wdr
(
2
3
C
(t,t)
X −
1
3
C
(b,t)
X
)}
m2Z
6pi2f2pi
log
(
m2ρ,X
m2ψ
)
δg
(q2,1loop)
bR
= s2bRNcNf
{
−s2wdr
(
−1
3
C
(b,b)
X +
2
3
C
(b,t)
X
)}
m2Z
6pi2f2pi
log
(
m2X
m2ψ
)
(3.30)
where dr is a dimensionality of composite fermion representation, Cr is its Casimir operator
with respect to SO(4). We can make a numerical estimate of these corrections assuming
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that the fermions have a common mass mψ = 1.5TeV and vectors mρ,X = 3TeV, taking
the benchmark set of coefficients Cρ,X
δg
(q2,1loop)
bL
≃ −{1., 5.} · 10−3 s2tLNf (3.31)
δg
(q2,1loop)
bR
≃ {0.2, 0.6} · 10−3 s2bRNf (3.32)
where the values in brackets are given for the 1+4 and 1+4+9 composite fermions mul-
tiplets respectively. Both corrections are correlated in sign with SM couplings. The cor-
rection to the right-handed coupling is suppressed by gSMbR , while δgbL can be relatively
large. On figure 5 we present the estimated size of momentum-dependent corrections for
the 5L+5R and 14L+1R models depending on the number of composite families below the
vector resonances mass mρ = 3TeV, assuming for them a common mass mψ = 1TeV, for
ξ = 0.1 and the coefficients of the four-fermion operators corresponding to the benchmark
set. For this choice of parameters 3 families of up partners and 3 families of down-type
partners in 5L+5R case, as well as just one family of up and one of down-partners in case of
14L+1R can generate a sufficient shift of Z couplings in order to satisfy both ∼ 0 deviation
in low-energy measurements and ∼ −few · 10−3 in the left-handed couplings at the Z-pole.
Corrections at zero momentum transfer
Another type of corrections can be induced at zero momentum at one loop level, due to the
mixing of charge 2/3 states with tL which violates PLR symmetry. We report here the an-
alytic expressions for the loop-induced corrections separately for each composite multiplet,
in the limit g, g′ → 0, i.e. only considering the corrections due to the strong dynamics. In
all the cases except the singlet, the four-fermion operators can induce corrections to Zb¯b
couplings, which we will not report since they carry an additional model-dependence and
have a slightly complicated form.
5+5
• singlet
δg
5+5(1)
bL
=
ξ
64pi2
y4L1m
2
1f
2
π
(m21+y
2
R1f
2
π)
3
{
m21+2y
2
R1f
2
π
[
log
(
2(m21+y
2
R1f
2
π)
2
v2y2L1y
2
R1f
2
π
)
−1
]}
(3.33)
• fourplet
δg
5+5(4)
bL
= − ξ
32pi2
y2L4y
2
R4f
2
π
m24 + y
2
L4f
2
{
y2L4f
2
π
m24 + y
2
L4f
2
π
+
(
1− y
2
R4f
2
π
4m24
)
log
(
1 +
y2L4f
2
π
m24
)
(3.34)
−y2L4f2π
4m24(m
2
4+y
2
L4f
2
π)−(2m24+y2L4f2π)y2R4f2π
4m24(m
2
4 + y
2
L4f
2
π)
2
log
(
2(m24+y
2
L4f
2
π)
2
v2y2L4y
2
R4f
2
π
)}
14+1
• singlet is expected to give a positive correction
δg
14+1(1)
bL
=
ξ
64pi2
y2L1f
2
π
m21
{
y2L1 + 2y
2
Lt
[
log
(
m21
m2top
)
− 1
]}
(3.35)
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• fourplet-induced correction can be both positive or negative
δg
14+1(4)
bL
= − ξ
64pi2
yL4f
2
π
(m24 + y
2
L4f
2
π)
2
{
m24y
2
Lt(3yL4 −
√
2c4tyLt) (3.36)
+
m24
2f2
(m24 + y
2
L4f
2
π)(5yL4 − 2
√
2c4tyLt) log
(
m24 + y
2
L4f
2
π
m24
)
−m24y2Lt
[
yL4
(
2 +
y2Ltf
2
π
2(m24 + y
2
L4f
2
π)
)
−
√
2c4tyLt
]
log
(
m24 + y
2
L4f
2
π
m2top
)
• nineplet can give both positive or negative correction depending on a size of yL9.
A small negative correction can be compatible with a small positive shift in Tˆ (see
eq. (3.11))
δg
14+1(9)
bL
=
ξ
64pi2
y2L9
m29
{
y2L9 + 2y
2
Lt
[
3− log
(
m29
m2top
)]}
(3.37)
Final remarks
The four-fermion operators can in principle induce sizable corrections to momentum-
independent shifts of gbL . The result however will strongly depend on the assumptions
about the size and signs of four-fermion operators (see ref. [32], also for other types of
higher-dimensional operators potentially important for gbL). Moreover, some of the contri-
butions induced by four-fermion operators are logarithmically sensitive to the cutoff [32].
Given this, we will prefer not to use them in our numerical analysis. Nevertheless we will
use the other loop-order corrections just to estimate their typical size and to understand
which kind of additional contributions is needed (if needed) for the considered scenarios
to pass the experimental constraints. The latter are quite ambiguous and one can take
different attitude towards them, admitting the apparent deviation or assume it to be an
artifact. In the following numerical scan we will require |δgbL | < 10−3, just to indicate the
areas where the corrections are minimal.
Given our decision not to account for four-fermion operators in δgbL at zero momen-
tum, it would not be consistent to account for them in case of the momentum-dependent
corrections. The latter ones are even more ambiguous, being sensitive even to the compos-
ite states not coupled to the quarks. Nevertheless it is still important that in principle CH
models can explain the deviation of the Z → b¯b decay parameters without distorting lower
energy Z couplings, like for instance those relevant for meson decays which we discuss in
the next section.
3.3 Z-mediated FCNC in down sector
The important constraints on the flavour-changing Z-boson couplings in CH models come
from the flavour physics observables [56]. The bounds imposed by the Z-pole measurements
instead are quite weak (see for instance ref. [58]). Hence in this section we will only analyse
the corrections to the Zd¯idj vertices at zero momentum transfer. In this case the up sector,
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which we focus on in this work, can only generate the loop-level corrections, which we
parametrize as
LZFCNC =
g
cw
Zµd
i
γµ
[
δgijLPL + δg
ij
RPR
]
dj . (3.38)
One of the most stringent constraints on Z-mediated FCNC comes from the measure-
ment of the Bs → µ+µ− decay branching ratios. The analysis presented in ref. [57] has
shown that the constraints imposed on flavour-changing Z couplings, under certain as-
sumptions on the flavour structure (anarchic partial compositeness or generic MFV), can
bound flavour-diagonal Zb¯b coupling in a comparable way with the LEP Z-pole measure-
ments. The recent improvements in the constraints on flavour-averaged branching ratios
of Bs-meson decays [73–75, 78–80]
Bexp = (2.9± 0.70) · 10−9 , BSM = (3.56± 0.18) · 10−9 (3.39)
further squeeze corresponding bounds. In order to translate these results into the bound
on δgijL,R we will use an expression for the modified Bs → µ+µ− branching ratio [57]
B(Bs → µ+µ−) = BSM(Bs → µ+µ−)
∣∣∣∣∣1 +
√
2pi2
GFm2WV
⋆
tbVts
(δg32L − δg32R )
YSM
∣∣∣∣∣
2
, (3.40)
with YSM ≃ 0.957. The expression for B(B¯s → µ+µ−), needed to compute the flavour-
averaged BR of eq. (3.39), can be obtained after an exchange b↔ s in eq. (3.40).
In the following we will derive the couplings of the Z-mediated FCNC, expressing them
in terms of flavour-conserving Z couplings, for each of the considered flavour pattern. We
will only consider the left-handed couplings since the right-handed ones do not receive any
corrections from the up sector-related composite dynamics.
• U(3)2 LC: in this case the flavour breaking is induced by yijR (explicitly) and by diL
(implicitly, originating from the source of down-type Yukawas). The mixings in the
mass eigenstate basis can be brought to a form
q¯LyL →
{
¯ˆuLyL (a)
¯ˆ
dLV
†
CKMyL (b)
(3.41)
u¯RyR → ¯ˆuRyˆR ∼ {0, 0, ¯ˆtRyˆtR} (3.42)
Since yL is proportional to identity, the CKM matrix from the mixing (3.41, (b)),
when used to compute the Zdidj coupling, can be removed and contracted with the
VCKM originating from the opposite fermionic leg, unless the contribution contains
yˆR. In this latter case the FCNC proportional to ξ
ij are generated. Therefore flavour-
changing couplings of the Z can be expressed as
δgijL = ξ
ij (δgbL − δgdL) (3.43)
given that the difference between gbL and gdL is only caused by a sizeable yˆtR.
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• U(3)2 RC: breaking resides in yijL (explicitly) and in diL (implicitly). Using U(3)
rotations in the composite and dR sectors we can bring the left mixings to the form
q¯LyL →
{
u¯LU
†
uyˆL → ¯ˆuLyˆL ∼ {0, 0, ¯ˆtLyˆtL}
d¯LU
†
uyˆL → ¯ˆdLV †CKMyˆL ∼ {0, 0, ¯ˆdiLV †CKM i3yˆtL}
(3.44)
while the right mixings are proportional to identity. It is thus straightforward to
derive the relation between leading flavour-changing and flavour-conserving modifi-
cations of the Z couplings:
δgijL = ξ
ijδgbL (3.45)
• U(2)2 LC, tR partially composite: invoking the explicit form of the tL and bL rota-
tions in flavour space (see ref. [77]) we obtain
δgijL ≃ ξijκijδgbL , κi3 = rb, κ12 = |rb|2 (3.46)
where rb is a complex parameter defined in ref. [35]. The coefficient rb depends on
the details of the down-quark mass generation, and its absolute value can be made
smaller than 1, making the bound from Bs → µ+µ− comparable or less restrictive
than the one from Z → b¯b. Notice, that rb can also suppress tree-level FCNC induced
by four-fermion operators which will be discussed later on.
• U(2)2 RC, tR partially composite: again using the explicit form of rotation matrices
we obtain
δgijL = ξ
ijδgbL (3.47)
• U(2)2 TC with a partially composite tR and U(2)2 with a totally composite tR lead
to the relation given by eq. (3.46).
On figure 6 we present the constraints on δgbL and δgbR , derived from the A
b
FB and
Rb measurements (in green) and deduced from the Bs → µµ branching (in blue) assuming
the relations δgijL = ξ
ijδgbL and δg
ij
R ≃ 0, which is the case for U(3)2RC, U(2)2RC and also
for the other U(2)2 patterns if rb = 1. Notice that even if sizeable δgbR is not generated in
the model, the two constraints can still be in agreement if a sizeable negative correction to
δgbL is produced by the operator (3.26), which is relevant for Z decays but not for Bs.
For what concerns the numerical analysis of this paper, for our choice of the bound
|δgbL | < 10−3, the limit arising from Bs → µµ coincides with the one from Z → bb for RC,
and can be less or more constraining for other U(2)2 scenarios, depending on the value of
rb. In the following we will use rb = 1/2, hence this constraint will be irrelevant.
The relations obtained in this section can in principle be violated in a presence of
sizeable four-fermion interactions, containing quarks and leptons, which can contribute to
Bs → µµ without modifying Z couplings. However it is reasonable to assume that this
type of operators is highly suppressed by small lepton masses.
We will also briefly comment here on two other types of FCNC. In all the considered
scenarios Higgs-mediated FCNC do not arise in the order ∼ yLyR (see ref. [33] for more de-
tails). The leading contributions to FCNC appear in y4 order and are naturally suppressed
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Figure 6. Constraints on the corrections to the Z boson couplings to the bottom quark, imposed
by Z → b¯b (green ellipses) and Bs → µ+µ− (blue bands), at 68%CL (darker) and 95%CL (lighter),
assuming δg32L = ξ
32δgbL . Orange point corresponds to the SM prediction. Notice, however, that
δgbL can have different meanings in the two cases, see text for details.
by the small masses of light quarks. Driven by this argument we neglect the impact of
possible operators of this type. Another type of FCNC, the loop-induced chirality-breaking
effects, do not bring relevant constraints on the considered CH scenarios with flavour sym-
metries, given one imposes CP conservation in the composite sector (see ref.s [35, 38]).
3.4 Tree-level ∆F = 2 operators
Partial compositeness
In all the scenarios considered in the present paper one of the dominant contributions
to the tree-level ∆F = 2 processes comes from the four-composite-fermion operators dis-
cussed in section 2.2. After accounting for elementary-composite mixings they give rise
to flavour-changing four-quark interactions. The most constraining FCNC processes are
those containing down-type quarks, which have sizeable mixings only with BL resonances.
The fermionic currents, entering the four-fermion operators, can be transformed as
B¯LγµBL → b¯LsLγµs†LbL → ¯ˆbLU †bLsLγµs†LUbLbˆL. (3.48)
Using the results for bilinears operators obtained in the previous section, we can write
down the ∆F = 2 operators as
1
f2π
ξ2ij κ
2
ij s
4
tLCdL[d¯iγµdj ][d¯iγ
µdj ]. (3.49)
The coefficient κ depends on the flavour pattern: in U(3)2LC κij = 0; in U(3)
2
RC and U(2)
2
RC
κij = 1; in U(2)
2
LC, U(2)
2
TC and U(2)
2
tRcomp
κi3 = rb and κ
12 = |rb|2. The coefficient CdL
is expected to be of the order one. The resulting bound on sL depends on (CdL)
1/4, hence
it is rather insensitive to the uncertainty on the coefficient size. For the bounds on the
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operator (3.49) we take those obtained in ref. [81]. Choosing the sign of CdL to maximize
the constraints, we obtain
U(3)2RC ,U(2)
2
RC : sL . 0.39(1,2),(2,3), 0.42(1,3) , (3.50)
where the subscripts (i, j) stand for flavour indices of the four-fermion operator for which
the constraint is obtained. In U(3)2 LC this type of bound is absent, while in the other
scenarios the exact constraint depends on rb.
Technicolor
Additional four-quark operators can be generated in U(2)2 TC scenario at the scale Λ′,
together with the operators responsible for light quark masses. At low energies the relevant
lagrangians are
LFCNCTC ∼
1
Λ′ 2
q4L , LmassTC = λ1,2 q¯5LOu5R → λ1,2
v√
2
q¯LuR , (3.51)
The strongest lower bound Λ′ & 105TeV can be obtained from the constraints on CP
violating processes, assuming that the FCNC Lagrangian (3.51) generates them with order-
one strength.
In principle the same type of four-quark operators can also be expected in the scenarios
with a partial compositeness only, but in that case it is known that the scale Λ′ can be
made arbitrarily large without conflicting with the quark masses [11]. In the TC case,
instead, the high UV scale Λ′ generically also suppresses the TC-like masses of the quarks.
Indeed, from the form of the mass Lagrangian of eq. (3.51) follows that the strength of the
Yukawa interactions λ1,2 at the strong dynamics confinement scale Λ . 4pifπ should be
λ1,2 . 4pi
(
Λ
Λ′
)[O]−1
, (3.52)
where the operator O is assumed to have a scaling dimension ∼ [O] over the interval of
energies from Λ′ to Λ. This constraint is dictated by a requirement of λ1,2 perturbativity at
Λ′. The scaling dimension of the composite scalar operator [O] is generically expected to be
greater than 1, hence one can expect difficulties with reproducing the top mass. Moreover,
[O] very close to 1 is incompatible with having a scaling dimension of the SO(5)-singlet
operator O2 close to or larger than 4. Presence of the relevant O2 operator would make the
scale Λ too sensitive to the scale Λ′, making a large separation between them unnatural.
In order to keep Λ stable one needs [O] & 1.5 [82–86].5
The advantage of the mixed TC scenario is that the largest mass generated by the
TC-like interactions is the mass of the charm. As follows from eq. (3.52), the charm mass
allows for
(
Λ
Λ′
)
& 10−6, which for Λ ∼ 10TeV leads to Λ′ . 107TeV. Hence all the FCNC
generated at Λ′ can be safely ignored.
5We thank Slava Rychkov for drawing our attention to the latest works on this subject.
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3.5 Compositeness constraints
In the flavour patterns, where the degree of light quark compositeness is related to the one
of the top quark, stringent constraints come from the searches for quark compositeness.
The four-fermion interactions in the composite sector can generate the following four-quark
operators
s4L
f2π
[q¯LγµqL][q¯Lγ
µqL] ,
s4L
f2π
[q¯LγµT
AqL][q¯Lγ
µTAqL] ,
s4R
f2π
[u¯RγµuR][u¯Rγ
µuR] , (3.53)
where TA are SU(3)c. We have listed the most constraining operators involving up and
down quark in LC (first and second operators) and RC (third operator) scenarios [35]. Such
type of interactions leads to deviations in the angular distributions of jets with respect to
the SM predictions, and thus one can put the following bounds on the corresponding
operators coefficients [87], for the case when qL and uR are the first generation quarks
1
(5.0TeV)2
,
1
(3.4TeV)2
,
1
(4.5TeV)2
, (3.54)
which for ξ = 0.1 translates into the bounds on the mixing angles (assuming that the
coefficients of operators (3.53) are equal to one)
sL, sR . 0.4. (3.55)
The bounds on sL and sR apply to the scenarios with U(3)
2 with the Left and the Right
Compositeness respectively.
3.6 Direct searches
Currently the most stringent experimental constraints on fourplet and singlet top partners
from the direct searches were derived in ref.s [88, 89], they set limits of 800GeV and
∼ 700GeV on the masses of the charge 5/3 fourplet partner and the charge 2/3 singlet
respectively. These bounds are model independent since they rely on the pair production
mechanism mostly defined by QCD interactions. There already exist experimental searches
for the singly produced partners [90] as well as recasts of the searches for pair production
into the bounds on singly produced partners [31, 91–93], but for the current experimental
sensitivity they do not lead to a significant improvement of the bounds, therefore we will
not use them in the following.
Despite the absence of the dedicated searches for the states present in the nineplet,
one can recast the results of analyses dedicated to charge 5/3 states into the bound on m9.
This bound, which is mainly driven by the charge 8/3 state, gives m9 & 1TeV [94].
Besides the top partners searches, the searches for the partners of light generations can
also be important if partner mixings with light quarks are sizeable, which is the case for
U(3)2 symmetric scenarios. A study of the constraints arising in case of large degree of com-
positeness of right-handed up-type quarks was performed in ref.s [95, 96]. Figure 7 taken
from ref. [95] shows a bound on the fourplet mass parameter m4 depending on the mixing
parameter yR4 of the up-quark for fπ = 600GeV and four choices of a parameterm1. Given
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Figure 7. 95% CL bounds on the fourplet mass parameter m4 depending on the mixing with
the right-handed up quark for f = 600GeV and c41 = 0 and different choices of the singlet mass
parameter [95]. Dashed lines account for the effect of reduction of production cross section of the
fourplet partners in a presence of the singlet, while solid lines also include an effect of reduced
branching fraction due to cascade decays.
that the leading couplings of the partners with gauge bosons and SM quarks scale as vfpi ,
one can easily obtain the bound corresponding to different values of fπ. This bound can be
interpreted as conservative since it assumes c41 = 0 which reduces the expected production
cross section. The analogous bound in case of charm partners is much weaker and does not
improve significantly the overall bound on m4 if combined with the one on the up partners.
The experimental searches for uncolored vectorial composite resonances (see for in-
stance ref.s [97, 98]) lead to a bound on their mass of around 2TeV for ξ = 0.1 [99–101].
4 Numerical results for U(3)2
In this section we present the results of the numerical analysis of the 5L+5R model with
U(3)2 flavour symmetry, using the constraints discussed in the previous section. First, we
will summarize the most constraining observables for LC and RC flavour patterns:
• In both cases the EWPT constraints are important, in the LC case the Tˆ parameter
receives contributions from all three generations of partners, while for RC only the
top partners are relevant. In both cases Sˆ is sensitive to all the partner generations
due to loop effects.
• The bounds on Zb¯b couplings are in principle always relevant. But as we stated in
section 3.2.2, we will just show the areas where the least model dependent part of
the correction is small.
• Tree-level ∆F = 2 FCNC are only relevant in RC case.
• Dijet constraints apply to both LC and RC cases, due to the fact that all three families
of either left- or right-handed up-like quarks share the same degree of compositeness.
• δVud can only be sizable in LC case.
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Figure 8. Bounds on the 5L+5R model with U(3)
2 LC flavour pattern, for ξ = 0.1, c41 = −1/
√
2
and m1 = −0.8m4, in mT −sL plain. Dashed grey and orange areas are forbidden by direct searches
and δVud respectively, green area is allowed by dijets. On the left panel the blue are is allowed by
Sˆ (with 50% reduction) and Tˆ , on the right panel the blue area is allowed by Tˆ (marginalized over
Sˆ). The areas allowed by all the constraints are shown by red contours. Dashed lines are the singlet
top partner (T˜ ) mass isolines (mass shown in TeV).
• Rh can receive tree-level corrections (from Zu¯u and Zc¯c) and loop-level (from Zd¯d,
Zs¯s and Zb¯b) in LC case, and only loop-level for RC (from Zb¯b). Again, as in the
case of δgbL we will not consider the loop effects induced by four-fermion operators.
Let us start with the LC scenario. In this case the stringent constraints from δVud
can only be avoided for c41 ≃ −1/
√
2 and m1 ≃ −m4 (see section 3.2.1). We present
the exclusion plots for this type of configuration on figure 8, in mT − sL plane, where
sL = yLfπ/mT . For these plots we set c41 = −1/
√
2, m1 = −0.8m4, ξ = 0.1 and mρ =
3TeV. The right plot shows the areas allowed by the most robust variables: Tˆ parameter
(marginalized over Sˆ), dijet constraints, δVud and direct searches, showing that all the
masses above 1TeV are allowed for the T and above 1.5TeV for the T˜ . Adding 50% of
the contribution to ∆Sˆ, predicted by the considered model, pushes the minimally allowed
partners masses to 1.7TeV. Therefore in order to keep the partners relatively light one needs
additional compensating contributions to the Sˆ parameter, which can come for instance
from the down partners or even from the leptonic ones. It is important to notice that this
only region allowed by δVud is characterised by mT ∼ mT˜ , for which the Higgs mass can
tolerate the heaviest top partners, up to ∼ 2TeV for ξ = 0.1, therefore this parameter space
area will be completely covered by the direct searches in the last turn. We did not show
the δgbL and Rh constraints since in this case they are satisfied practically everywhere.
On figure 9 we present the most constraining bounds for the U(3)2 RC scenario for
ξ = 0.1. On the left panel we fixed the Higgs mass by the condition (2.23), imposed on the
top partner masses. In this case all the range of partner masses is excluded by a combination
of the dijet and ∆F = 2 constraints. These two constraints bound stL and stR such that
one can not generate a large enough top Yukawa λtop ≃ sLsR(m4 −m1)/fπ. Abandoning
the relation mh(mT ,mT˜ ) of eq. (2.23), we can allow for larger (m4−m1) hence generating
ytop even for small mixing angles. On the right panel of figure 9 we present the bounds on
– 30 –
J
H
E
P
0
2
(
2
0
1
5
)
1
5
4
Figure 9. Left panel: bounds on the 5L+5R model with U(3)
3 RC flavour pattern, with the Higgs
mass fixed by eq. (2.23), for ξ = 0.1, axes correspond to the masses of the fourplet (mT ) and the
singlet (mT˜ ) top partners and to the tL degree of compositeness sL. Grey and red meshed areas are
excluded by direct searches and ∆F = 2 respectively, green area is compatible with dijet bounds.
Right panel: bounds on the same model, without fixing the Higgs mass, for m4 − m1 = 4TeV,
ξ = 0.1, c41 = 1/
√
2 and a cutoff mρ = 10TeV. Grey and red meshed areas are excluded by direct
searches and ∆F = 2 respectively. Blue area is allowed by Sˆ and Tˆ , green — by dijets searches,
yellow — allowed by δgbL . Dashed black lines are T˜ mass isolines (labels in TeV).
the configuration with (m4−m1) ∼ 4TeV, c41 = 1/
√
2 and the maximal mρ = 10TeV.
6 In
this case a combination of Sˆ, Tˆ , dijets and FCNC bounds allows to have the light singlet
T˜ with a mass 1 − 2TeV, while the fourplet partners are always very heavy. This result
is easy to understand given that the large difference (m4 − m1) requires either fourplets
or singlets to be very heavy, but the light fourplets alone have difficulties with EWPT
(negative shift in Tˆ , large positive shift in Sˆ).
5 Numerical results for U(2)2
We will now present the results of the combined analysis of the models with U(2)2 flavour
symmetry. The constraints on these scenarios are weaker than those on U(3)3, in particular
the dijet constraints are not relevant, as well as Rh and Vud. The Tˆ parameter is now only
sensitive to the top partners. The Sˆ parameter and δgbL can steel be affected by the light
quark partners circulating inside the loops, but we will not analyse such effects in details.
Tree level ∆F = 2 FCNC arise in all the models, but only in the 5L+5R RC case they can
not be suppressed by the parameter rb, which is sensitive to the details of the down-type
sector.
5L+5R
We present the combined constraints on the 5L+5R model on figure 10 for ξ = 0.1 and
c41 = −1/
√
2, 0, 1/
√
2, for LC and TC cases (upper plots) and RC case (lower plots), with
6The cutoff is set above all the fermionic mass scales since our analysis is only suitable for this configu-
ration, but in this case the exact value of the cutoff does not play an important role.
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Figure 10. Bounds on the 5L+5R model with a fixed mh and U(2)
2 flavour symmetry, for ξ = 0.1
and c41 = −1/
√
2, 0, 1/
√
2. Three upper plots correspond to the Left Compositeness and mixed TC
scenario (with rb = 1/2), lower plots correspond to the Right Compositeness. The axes correspond
to the masses of the fourplet (mT ) and the singlet (mT˜ ) top partners and to the degree the tL
compositeness sL. Grey dashed area is forbidden by direct searches, red meshed area is forbidden
by ∆F = 2 FCNC constraints, blue area is allowed by Sˆ and Tˆ , yellow — by δgbL .
the Higgs mass fixed by the relation (2.23) imposed on top partners. The dashed grey and
red areas are excluded by the direct searches for top partners and FCNC respectively, blue
area passes EWPT constraints, and yellow area is compatible with our condition on δgbL .
For the ∆F = 2 constraints on LC and TC scenarios we took rb = 1/2. Accounting for these
constraints we conclude that the typical feature of RC scenario is the relatively light singlet
partner with m
T˜
. 0.9TeV, as a consequence of a combination of the EWPT and ∆F = 2
bounds, with the maximal allowed mass achieved for negative c41. We also performed a test
with a slightly relaxed mh(mT ,mT˜ ) in order to mimic the 3-site model, where both singlet
and fourplet can be slightly heavier compared to what is predicted by eq. (2.23). This al-
lowed to uplift the maximal T˜ , but the combination of EWPT and FCNC constraints still
puts a limit m
T˜
. 1.5TeV. One should mention that eq. (2.23) together with the require-
ment for the correct top mass typically allows for two solutions. The second one, which we
prefer not to use in our analysis, requires yRfπ > m1, in which one can see a contradiction
to the assumption about the small breaking of the Goldstone symmetry by the external
perturbation. Taking this second solution we obtain the m
T˜
not bounded from above.
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Figure 11. Bounds on the 14L+1R model with U(2)
2 flavour symmetry, for ξ = 0.1, c41 = c4t =
−1/√2, c94 = −
√
11/3, axes correspond to the fourplet mass parameter m4 of the top sector and
to the degree the tL compositeness sL. All the mixings are set to be equal yiL = yL = sLmT /fpi.
Grey dashed area is forbidden by direct searches, red meshed area is forbidden by ∆F = 2 FCNC
constraints, blue area is allowed by Sˆ and Tˆ , yellow — by δgbL . The mass parameters are chosen
such that m4 = m1 + 0.5 = m9 − 0.5 (left panel) or m4 = m1 − 0.5 = m9 − 1.0 (right panel).
The masses of the partners in LC and TC scenarios are practically unconstrained for
our rb choice, the only interesting bound is sL . 0.6.
14L+1R
The main difference of the 14L+1R model with respect to the previously considered 5L+5R
is that the top mass is not generated via mixings with the massive composite resonances.
Hence these mixings can be made small without conflicting with mtop. Another important
difference is that the configuration with only the light fourplet is now allowed by the Tˆ
parameter, provided that c4t and sL4 are of the opposite signs [32]. The new multiplet with
respect to 5L+5R , the ninplet, being light, can generate shifts in Tˆ and gbL going to the
right direction, which however are relatively small. Though the nineplet can hardly be the
only light multiplet given that it induces a large positive shift in Sˆ. To demonstrate the
compatibility of the 14L+1R model with the bounds we present two plots on figure 11,
for m1 < m4 < m9 (left panel) and m4 < m1 < m9 (right panel) with 0.5TeV mass gap
between multiplets. We set equal all the mixings yiL = yL = sLmT /fπ, and the values
of d-symbol coefficients are chosen to cancel the divergence in Sˆ, c41 = c4t = −1/
√
2 and
c94 = −
√
11/3. From this plots we see that the masses of the composite partners are
constrained only by the direct searches, and sL in the chosen configuration can be as large
as 0.6, given the same rb choice as in the 5L+5R case, rb = 1/2.
6 Summary
In this paper we have presented the analysis of the constraints imposed on Composite
Higgs models by Flavour Physics observables in combination with ElectroWeak Precision
Tests, direct searches for composite resonances and searches for the quark compositeness.
We focused on the naturalness-related sector of the model, which generically induces the
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largest deviations of the observables with respect to the Standard Model predictions, and
at the same time is expected to lie not too far above the electroweak scale. Hence our basic
set-up included only the lightest levels of colored composite fermionic resonances which
are tightly related with the Higgs potential generation. To make the connection with the
naturalness more precise we employed the CCWZ formalism, allowing to capture the most
general features of the PNGB Higgs. One of the main organizing principles of our models
was the Partial Compositeness paradigm in the top quark sector. For the up and charm
sectors, besides the Partial Compositeness, we also considered a possibility to generate the
flavour structures by means of Technicolor-like interactions.
We considered several possible ways to generate the SM flavour structures, all of them
were based on an assumption of a presence of certain flavour symmetries in the strong
sector. We have shown that in case of U(3)-symmetric models, the Goldstone symmetry
implies a presence of certain regions in the parameter space where the strongest bounds on
the scenarios can be relaxed. In case of the Left Compositeness this is the region where the
singlet and the fourplet partners have similar mass, i.e. the region which will completely
covered by direct searches in the last turn. The important test of this scenario thus can be
the updated data from the searches for light quark compositeness. The Right Composite-
ness prefers the regions with the light singlet and heavy fourplet partners, thus the direct
searches for composite singlets will cover the area allowed by the minimal CH models of this
type quite soon. Additional tests of U(3) scenarios will come with improved results of Higgs
properties at the LHC, as the latter can be affected by the light quark compositeness [104].
The viability of both LC and RC configurations however relies on the assumption of the
presence of additional correlated contributions to the Sˆ or Tˆ parameters in case of LC, or
to the Higgs potential in RC case. Both types of contributions can be generated by other
sectors of the theory, not included in our analysis. As was discussed in section 3.1.1, the
Sˆ parameter can be strongly sensitive even to the physics which is not directly related to
electroweak symmetry breaking. In ref.s [105, 106] it was also shown that the Higgs mass
can in certain cases allow for the heavier top partners than expected in the minimal set-ups.
The U(2)-symmetric scenarios expectedly have less constrained parameter space.
Moreover, they allow for more freedom in choosing the mechanisms for the generation
of the SM quark masses. We considered the models where the right-handed top quark is
partially or totally composite state, while the light quarks are either partially composite
or elementary with Technicolor-like Yukawa interactions. The most constrained are the
models with partially composite light fermions and the RC flavour breaking scheme. They
typically require a presence of light singlet partners with the mass less than ∼ 1.5TeV. The
masses of composite resonances in the rest of the scenarios are dominantly constrained by
the direct searches. This last conclusion however is not universal and depends on the de-
tails of the down-type quark sector, whose parameters were chosen to minimize the FCNC
constraints. The least constrained U(2)-symmetric scenario is the one with the totally com-
posite tR, in which the top mass is not related to the mixings of tL with other composite
multiplets. On figure 12 we present the areas preferred by different flavour realizations in
the 5L+5R scenario, in the plane of masses of the top partners.
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Figure 12. Schematic summary plot showing the allowed space of the 5L+5R model in the plane
of top partner masses mT − mT˜ , preferred by U(3)2 LC (green), U(3)2 RC (orange) and U(2)2
RC (yellow). The other considered flavour patterns can be allowed for any combination of mT
and mT˜ . The blue area approximately corresponds to the region of the 3-site model parameter
space where one can reproduce the correct Higgs mass, assuming that it is dominated by the top
sector and taking mT and mT˜ as the masses of the lightest tL and tR partners. Grey dashed area
is excluded by direct searches.
Despite the fact that we preferred not to use the constraints imposed by Zb¯b couplings
due to a large ambiguity and UV-dependence, we have identified the effect that can poten-
tially allow for sizable deviations of the Z couplings measured in Z → b¯b decays, without
affecting the measurements at lower energies, such as meson properties. This can be im-
portant since, for instance, for certain flavour patterns the new data on BR(Bs → µµ)
prefers no deviations from the SM predictions in Zb¯LbL coupling, while the Z → b¯b decays
measurements can point towards certain distortions with respect to the Standard Model.
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